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Abstract
Temperature-immune micro-displacement measurement is demonstrated by using a
Gaussian-chirped tilted fiber Bragg grating (TFBG). The internal tilt angles of the sensing
TFBG are effectively modulated via a displacement-induced Gaussian-strain-gradient along
the specially designed bending cantilever beam. The phase mismatch between different
effective pitches and tilt angles weakens the core-to-cladding mode coupling as the beam is
displaced. While the power of the ghost mode resonance in transmission shows a strong
sensitivity to the displacement, it is immune from spatially uniform temperature changes.
Ghost-power-referenced displacement measurement and temperature-insensitive property are
experimentally achieved for this cost-effective sensing device.
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1. Introduction
Sensors based on a fiber Bragg grating (FBG) have been
attracting considerable interest for their unique properties
[1]. Compared with traditionally used straight FBGs, a
tilted fiber Bragg grating (TFBG) shows a number of special
characteristics as its grating planes are slanted with respect to
the fiber axis [2–4]. The tilt of the grating planes enhances
the coupling of the light from the forward-propagating core
mode to backward-propagating cladding modes and reduces
the coupling to the backward core mode. Therefore, in the
transmission spectrum both a core-mode resonance and several
cladding-mode resonances appear. Since the core-mode
(Bragg) resonance and the cladding-mode resonances present
different responses to the external perturbations (temperature,
strain, bending, refractive index, humidity, etc) [5–7, 9],
TFBGs can be applied in many important sensing applications,
ranging from traditional mechanical monitoring (macro-
bending [7], dynamic vibration [8]) to modern biochemical
analysis (refractive index measurement via evanescent field
[9–12], using photonics crystal fibers [13] or based on a surface
plasmon resonance [14, 15]). A promising research point lies
in the capability of producing different tilts of the grating
fringes under the influence of an external parameter (to be
measured) in order to modify the coupling between the core
mode and cladding modes.
In this paper, a novel method for micro-displacement
measurement based on a non-uniform tilt modulation
of a weak TFBG is proposed and demonstrated. A
metal bending cantilever beam (BCB) is used to provide
a displacement-induced Gaussian-strain-gradient and a
temperature-dependent uniform strain along the sensing
TFBG. The internal tilt angles of the grating fringes
are modulated non-uniformly via the displacement-induced
Gaussian-strain-gradient and a dramatically weakened core-
to-cladding mode coupling is achieved due to the phase
mismatch between different grating pitches. Compared to
the same BCB with a straight FBG but Bragg reflection
monitoring [16], the power response of the ghost resonance in
transmission shows an extremely improved sensitivity to the
displacement change, and it is immune to a spatially uniform
temperature variation. The beam-based TFBG sensor allows
a ghost-power-referenced displacement measurement without
any temperature compensation.
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Figure 1. Schematic diagram of the micro-displacement sensing system.
2. Sensing principle
Figure 1 shows the proposed sensing device. The BCB is made
of highly elastic steel and its structure can be functionally
divided into three parts: the sensing beam (top), the arc beam
(vertical on the left) and the base. Displacement is vertically
applied at the end of the sensing beam and the whole beam is
supported by its base. A TFBG is axially pasted onto the outer
surface of the arc beam with its central position parallel to the
center of the semicircular hole.
When displacement is vertically applied at the end of
the sensing beam, the outer surface of the arc beam presents
a non-uniform elongation and accordingly induces the same
strain on the grating. Based on the finite element method,
the displacement of the top sensing beam under side-applied
displacement and the surface strain of the whole beam are
analyzed, as shown in figures 2(a) and (b). The corresponding
strain profiles along the outer surface of the arc beam are
evaluated when different displacements are applied, as shown
in figure 2(c). Within the grating coverage (double dash lines
marked in figure 2(c)), a similar Gaussian strain profile has
been achieved and the strain value is proportionally increased
with the displacements applied.
The main new phenomenon that is peculiar to TFBG
(relative to a straight FBG) is that the non-uniform spatial
elongation (or compression) of the grating pitch also increases
(or decreases) the internal tilt angle of the grating planes
(originally 4◦) with a similar distribution, as shown in figure 3.
Within the grating coverage, there exists a quasi-Gaussian
strain-gradient distribution, with a maximum at the central
position and a smooth decrease at both ends (figure 3(b)
Gaussian elongation, for example). Under such a strain-
gradient distribution, the axial elongation of each grating
pitch varies from its maximum at the grating center to its
minimum at both ends. Also, along the fiber cross-section
the spacing of the grating planes varies in an opposing trend,
with its minimum at the grating center. With such a fiber
shaping, the internal tilt angles of the grating planes have been
modulated strongly at the grating center but change slightly at
both ends. As a result, the phase matching condition for each
value of the pitch is partly disrupted due to the non-uniform
tilt plane modulation and to the stress-induced refractive index
variation changes along the fiber cross-section. It was shown
in [17, 18] that bending leads to compressive and tensile
strains on either side of the fiber axis (where the core is)
and to a displacement of the mode field away from the core.
Consequently, the mode coupling between the fiber core and
the cladding weakens dramatically. Therefore, both the self-
coupling of the Bragg core mode and the core-to-cladding
coupling of the ghost mode (which corresponds to a group of
strongly coupled low-order cladding modes that interact much
with the fiber core and are especially sensitive to bending)
reduce with the displacement of the top beam. Consequently,
when the displacement increases, a dramatically weakened
ghost resonance results as shown in figure 4. Compared to the
same BCB but with a straight FBG [16], the ghost resonance
in a TFBG shows improved sensitivity to displacement due
to the double effects of the non-uniform strain-gradient and
modulated internal tilt angle. Meanwhile, as TFBG works on
transmission, it takes advantage of a higher power working
level compared to a reflection-based FBG and shows a
much larger dynamic response range in power-referenced
displacement measurement, as shown in figure 7.
As for spatially uniform temperature effects, the thermal
expansion coefficient is related only to the material of the beam
to which the grating is bonded (a flat surface on the outside
of the arc beam) and its value is ∼23.6 μm (m K)−1. The
axial strains of different parts of the TFBG are equal when
the temperature changes, and therefore temperature changes
result only in shifts of the ghost wavelength with no change in
the peak intensity, as shown in figure 5.
3. Experimental results and discussion
Figure 6 shows the proposed sensing system. One centimeter-
long TFBG with an internal tilt angle of 4◦ is inscribed
in hydrogen-loaded Corning SMF-28 fibers using a pulsed
ArF excimer laser and the phase mask technique. After
launching light from an erbium ASE broadband source (BBS)
into the sensing fiber, the transmitted power of the sensing
TFBG is filtered by a narrow band-pass filter (BF) within a
concerned band and is then monitored by a p–i–n photodiode
(PDG). Here, we use the optical spectrum analysis as a band-
pass filter, measuring the total power in a 2 nm wavelength
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(a) (b) 
(c) 
Figure 2. Finite element analysis of BCB under side-applied micro-displacement. (a) Displacement distribution (in arrow), (b) surface
strain distribution (in color online) and (c) axial strain distribution along the outer surface of the side arc beam (three curves correspond to
different displacements of the free end of the top sensing beam).
(a)
(b)
(c)
Figure 3. Comparison of straight FBG (I) and TFBG (II) under uniform and non-uniform axial strain, and the corresponding modulation of
the internal pitch and tilt angle. (a) Uniform strain, (b) Gaussian elongation and (c) Gaussian compression.
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Figure 4. Transmission spectra of TFBG versus displacement at a
fixed temperature of 20 ◦C.
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Figure 5. Transmission spectra of TFBG versus temperature
without the displacement applied.
interval (centered on the ghost resonance), as a function of
displacement.
Measurements are performed for a micro-displacement
range of 8 mm, with temperature changes from 0 ◦C to 90 ◦C.
The sensor responses to displacement and temperature are
depicted in figure 7. As a result of the increasing strain-
Figure 6. Schematic diagram of the displacement sensing system.
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Figure 7. System output (ghost transmission power) for
temperature-insensitive displacement measurement (green • curve:
Bragg reflection power, as a comparison).
gradient along the grating, the transmission power of the
ghost resonance is extremely sensitive to displacement (red
curve: compression of 8.2 μW mm−1 and elongation of
8 μW mm−1) over its linear response range (the response
becomes linear with a pre-displacement of >2 mm either
way), which is 12 times higher than that of the straight
FBG (• curve: 0.65 μW mm−1), and it is immune to
temperature variations. The high-elastic steel made BCB
shows good reproducibility and the TFBG spectrum is highly
stable for repeated measurements. Furthermore, the direction
of the displacement can be unambiguously determined via a
separate wavelength measurement. A very slight temperature-
induced ghost power change remains (less than 4% full scale),
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especially under high temperature, and this may be due to a
slight increase of the tilt angle with the uniform elongation of
each pitch and the possible self-deformation of the very thin
non-uniform thickness arc beam under such circumstances.
4. Conclusion
The feasibility of a BCB-based TFBG displacement sensor
with temperature-immune property has been investigated,
which is based on monitoring the power changes of the ghost
mode resonance associated with a non-uniform-strain-gradient
induced by an internal tilt angle modulation. Precisely pasting
the TFBG at the center Gaussian-strain gradient region is
essential to maximize the sensor quality. The displacement
sensitivity and measurement range can be flexibly adjusted
by changing the thickness of the arc beam and the position
where the displacement is applied. The intrinsic temperature
immunity facilitates the use of this sensor in various potential
applications.
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